Introduction
HIF-1α, the major transcription factor responsible for oxygen homeostasis in mammalian cells, is involved in many aspects of cancer biology including tumorigenesis, metabolism, differentiation, proliferation, angiogenesis, metastasis and responsiveness to therapy. 1 Importantly, levels of HIF-1α are increased in many human tumors and this expression correlates with a poor patient outcome in many of these cancers including colorectal, pancreatic, breast, ovarian, head and neck, gastric, cervical, bladder and osteosarcoma. [2] [3] [4] [5] [6] [7] [8] [9] [10] Moreover, the activation of HIF in tumor cells has also been shown to mediate resistance to both chemotherapy and radiation therapy 11, 12 and is expressed in both hypoxic and normoxic regions of solid tumors. 1, [13] [14] [15] Typically, in normoxia, HIF-1α is negatively regulated by the oxygen-dependent activity of a class of prolyl hydroxylase domain enzymes (PHDs) and the factor inhibiting HIF (FIH). The asparginyl hydroxylase activity of FIH prevents HIF from interacting with transcriptional coactivators such as CBP/ p300, effectively suppressing HIF-1α's transcriptional activity. While, the PHD-dependent hydroxylation of the HIF-1α subunit facilitates the binding of HIF-1α to the E3 ligase complex, Hypoxia inducible factor (HIF) is the major transcription factor involved in the regulation of the cellular response to hypoxia or low oxygen tensions. even though HIF-1 function is mostly studied following hypoxic stress, well oxygenated areas of several diseased tissues have detectable levels of this transcription factor. therefore, it is surprising how little is known about the function of HIF in normoxia. this study seeks to fill this gap. Using transient HIF-1α knockdown, as well as, stable cell lines generated using short hairpin RNAs (shRNA), we have further characterized the role of HIF-1α in normoxia. our data reveals that knockdown of HIF-1α results in a significant increase in cells in the G 1 phase of the cell cycle. We find that HIF-1α depletion increases the protein and mRNA of both p21 and p27. p21 is induced via, at least in part, p53-independent but Sp1-dependent mechanisms. Interestingly, HIF-1α knockdown also alters the cellular response to chemotherapeutic agents. these data have important implications in not only for the further understanding of HIF-1α, a major transcription factor, but also for the use of HIF-targeted and combination therapies in cancer treatment.
HIF-1α depletion results in SP1-mediated cell cycle disruption and alters the cellular response to chemotherapeutic drugs
Von-Hippel-Lindau (VHL), targeting HIF-1α for proteasomal degradation. Importantly, both the PHD enzymes and FIH require the availability of oxygen in addition to iron and 2-oxoglutarate for full activity. 16, 17 Therefore, it is perhaps not surprising that, HIF-1α activity has been best characterized in response to hypoxia, when this negative regulation is abrogated, resulting in the rapid accumulation of HIF-1α. However, despite the negative regulation at the protein level, HIF-1α is constitutively transcribed and translated under normoxic conditions and maintains a low level of transcriptional activity. 16, 17 Moreover, it is stabilized in an oxygen-independent manner in response to a variety of other stimuli. [18] [19] [20] HIF-1α levels are elevated in both hypoxic and normoxic regions of tumors. 1, [13] [14] [15] Normoxic activation of HIF has been attributed to genetic alterations within the oxygen sensing pathway, such as VHL inactivation and activation of cell signaling pathways such as the PI-3 kinase/AKT pathway. 1 In addition, several cytokines and growth factors including transforming growth factor-β, platelet-derived growth factor, thrombin, epidermal growth factor, insulin, insulin like growth factor and interleukin-1β can readily stabilize HIF-1α under normoxic conditions. of WCL obtained for non-targeted control and HIF-1α siRNA treated cells (Fig. 1D) shows a dramatic increase in p21 protein levels, as well as, an increase in p27 levels when HIF-1α is depleted.
To determine the mechanism behind the induction of p21 and p27 proteins, we investigated if depletion of HIF-1α was increasing these proteins at the transcriptional level. Quantitative RT-PCR (qRT-PCR) was performed using RNA from control and HIF-1α depleted cells and the levels of p21, p27 and GLUT3, a well characterized HIF target gene were analyzed (Fig. 1E) . HIF-1α mRNA and the levels of the known HIF-1α target gene GLUT3 were significantly reduced (Fig. 1E) . Interestingly, we could detect a significant increase in both p21 (p ≤ 0.01) and p27 (p ≤ 0.05) mRNA levels. These data demonstrates that HIF-1α is transcriptionally active under normoxic conditions, as is evident by the significant (p ≤ 0.01) decrease in GLUT3 mRNA levels during HIF-1α depletion in normoxia. Moreover, these data demonstrate that, p21 and p27 protein increases observed following HIF-1α knockdown, are mediated by increased mRNA levels.
G 1 accumulation and p21 induction occurs in p53-impaired HeLa cells. One of the major transcription factors responsible for the regulation of the p21 promoter is p53. 4 Therefore, we wanted to determine if the p21 induction observed in response to HIF-1α depletion was mediated through p53. As HeLa cells have an impaired p53 due to the HPV protein E6, we used this cell line to evaluate the effect of HIF-1α knockdown on cell cycle and p21 expression levels. Transient depletion of HIF-1α in HeLa cells was extremely effective (Fig. 2A) . Importantly, HIF-1α knockdown resulted in a significant (p ≤ 0.01) accumulation of cells in the G 1 phase of the cell cycle and a concomitant significant (p ≤ 0.01) reduction in cells in the S phase of the cell cycle (Fig. 2B) . As shown in Figure 2C , western blot analysis of WCL revealed that this G 1 accumulation in HIF-1α depleted HeLa cells was accompanied by the same alterations in specific cell cycle regulators we had observed in the U2OS cells, with increases in both Cyclin D1 and Cyclin E and a decrease in Cyclin B1. Moreover, just as observed in the U2OS cell line, Rb protein does not become phosphorylated in HIF-1α knockdown cells. Similarly, we observed an increase in p21 protein levels. However, p27 protein was only slightly induced in HeLa cells (Fig. 2C) . Importantly, HIF-1α depletion also resulted in increased mRNA levels of p21 and, to a lesser extent, of p27 in HeLa cells (Fig.  2D) . Similar results were also obtained in MDA-MB-231 cells that possess mutant p53 (data not shown). These data demonstrate that a p53-independent effect is occurring during HIF-1α depletion resulting in G 1 accumulation and the observed increase in p21 at both the protein level and at the mRNA level.
HIF-2α does not alter p21 or p27 message levels. As the HIF-1α and HIF-2α transcription factors have overlapping functions and target genes, 32 we wanted to determine if HIF-2α depletion would have the same effect on p21 and p27 message levels as we observed in response to HIF-1α knockdown. We used a specific siRNA oligonucleotide against HIF-2α and then analyzed by qRT-PCR mRNA levels of p21, p27 and GLUT3. HeLa cells were chosen to determine the effect of HIF-2α knockdown because they express readily detectable levels of HIF-2α
In this study, we investigate the effect of HIF-1α knockdown on cell cycle, cell cycle regulators, and responsiveness to chemotherapeutic agents in normoxia. Our data reveals that knockdown of HIF-1α results in a significant increase in cells in the G 1 phase of the cell cycle and in the protein and mRNA expression of both p21 and p27. This accumulation occurs in normal and transformed cell types. Moreover, the accumulation of p21 in response to HIF-1α depletion is partly independent of p53. Importantly, concomitant knockdown of SP1 and HIF abrogates p21 induction, as well as, partially rescues the HIF-1α induced G 1 accumulation. In addition to altering cell cycle and p21 transcription, HIF-1α knockdown also has functional consequences to the cell by altering cellular responsiveness to chemotherapeutic agents. HIF-1α depletion impairs the autophagy response while apoptosis is slightly enhanced. These data not only further the understanding of HIF-1α in normoxia, but also have implications on the use of HIF-1α as a therapeutic target in cancer treatment.
Results
HIF-1α knockdown results in G 1 arrest and p21 induction while inhibiting retinoblastoma protein phosphorylation. To investigate the effect of HIF-1α knockdown on the cell cycle, the human osteosarcoma cell line, U2OS, was used. U2OS cells were chosen since they have been used extensively to study HIF-1α biology and therefore made an attractive model system for our initial study. 29, 30 We used siRNA to transiently knockdown HIF-1α in U2OS cells in normoxic conditions and analyzed cells cell cycle distribution using FACS. As shown in Figure 1A , siRNA knockdown of HIF-1α was extremely effective in our model system. After 2 h of the hypoxia mimetic drug Desferroxamine (DFX) treatment virtually no HIF-1α protein was detectable by immunoblot, in the HIF-1α depleted cells, as compared to non-targeted siRNA control. Interestingly, HIF-1α knockdown resulted in a significant (p ≤ 0.01) accumulation of cells in the G 1 phase of the cell cycle and a concomitant significant (p ≤ 0.01) reduction in cells in the S phase of the cell cycle (Fig. 1B) .
To determine the mechanism behind the G 1 -cell cycle arrest, whole cell lysates (WCL) from control and HIF-1α depleted cells were analyzed for the levels of key markers of cell cycle progression (Fig. 1C) . Western blot analysis revealed that HIF-1α depletion caused increases in both Cyclin D1 and Cyclin E and a decrease in Cyclin B1. Importantly, despite the changes in the levels of Cyclin D1 and E, two critical regulators of the G 1 -S transition, we observed a decrease in phosphorylation of the retinoblastoma (Rb) protein indicating that cells are not transitioning into S phase. 31 The cyclin-dependent kinase inhibitors p21 and p27 are important negative regulators of the cyclin-dependent kinases Cyclin D and Cyclin E. These inhibitors abrogate the activity of both cyclin D and E/CDK containing complexes and thereby inhibit phosphorylation of the Rb protein. This loss of phosphorylation subsequently prevents transition into S phase of the cell cycle. 31 Therefore we determined if p21 and p27 protein levels were altered during HIF-1α knockdown. Western blot analysis ©2 0 1 1 L a n d e s B i o s c i e n c e .
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HIF-1α was confirmed by analysis of specific mRNA. As shown in Figure 3A , a significant induction of p21 (p ≤ 0.01) was again observed in response to HIF-1α depletion, while SP1 knockdown alone had no significant effects on p21 levels. Importantly, simultaneous knockdown of both SP1 and HIF-1α significantly (p ≤ 0.01) reduced p21 induction, as compared to HIF-1α alone. Interestingly, HIF-1α reduction alone resulted in an increase in SP1 message level (Fig. 3A) . Similar results were also observed at the protein levels ( Fig. 3B) .
To firmly establish the role of SP1 in the control of p21 gene, we determined if HIF-1α depletion resulted in changes of SP1 recruitment to the p21 promoter using chromatin immunoprecipitation (ChIP). Analysis of the p21 promoter revealed that HIF-1α knockdown results in enhanced levels of SP1 present at the p21 promoter (Fig. 3C) . Importantly, this enhancement was while U2OS cells express only very low levels. Knockdown of HIF-2α was confirmed by analysis of HIF-2α mRNA levels. As shown in Figure 2E , HIF-2α reduction has no significant effect on p21 or p27 levels. Therefore, the effects we have observed are unique to HIF-1α depletion.
Simultaneous knockdown of HIF-1α and SP1 abrogates p21 induction and partially rescues G 1 accumulation. Another major transcription factor controlling the expression of p21 in response to a broad range of stimuli is SP1. In fact, there are a total of six SP1 binding sites on the p21 promoter. 31 Therefore, we sought to determine if SP1 was involved in the upregulation of p21 we observed in response to HIF-1α knockdown. U2OS cells were transfected with control, HIF-1α, SP1 or both SP1 and HIF-1α siRNA. The mRNA levels for p21, HIF-1α and SP1 were then analyzed by qRT-PCR. Knockdown of both SP1 and U2oS cells were transfected with nontargeted or HIF-1α siRNA oligonucleotides prior to harvesting for cell cycle analysis using the propidium iodide staining protocol. Student's t-tests (two tailed) were performed and p-values calculated. *p ≤ 0.05 and **p ≤ 0.01. (C and D) U2oS cells were transfected using nontargeted or HIF-1α siRNA prior to harvest of WCL. Samples were analyzed by western blot using the specific antibodies indicated. (e) U2oS cells were transfected as in (B) and mRNA extracted. HIF-1α, p21, p27 and GLUt3 mRNA were analyzed using quantitative pCR. Graphs depict HIF-1α, p21, p27 and GLUt3 mRNA normalized to actin mRNA and compared to untreated samples. Student t-tests (two tailed) were performed and p-values calculated. *p ≤ 0.05 and **p ≤ 0.01. Data refers to a minimum of three independent experiments.
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SP1 and HIF-1α siRNA and the cells harvested for cell cycle analysis. A significant accumulation (p ≤ 0.01) of cells in the G 1 phase of the cell cycle was again observed in response to HIF-1α knockdown, while SP1 knockdown alone had no significant effects on the number of G 1 phase cells (Fig. 3E) . Importantly, simultaneous knockdown of both SP1 and HIF-1α significantly (p ≤ 0.01) reduced the number of cells in the G 1 phase of the cell cycle, as compared to HIF-1α knockdown alone (Fig. 3E) . Taken together these data demonstrate that not only does the simultaneous reduction of both SP1 and HIF-1α abrogate p21 induction, but it restricted to the SP1 binding sites present at the p21 promoter, as no recruitment could be measured when a control region of the promoter was used (Fig. 3C) . Furthermore and in agreement with our expression data, HIF-1α depletion results in enhanced levels of RNA polymerase II present at the p21 promoter and indication of active transcription (Fig. 3D) . These data demonstrate that SP1 is required for p21 induction in response to HIF-1α knockdown.
To determine the consequences for cell cycle progression, U2OS cells were transfected with control, HIF-1α, SP1 or both HeLa cells were transfected with nontargeted or HIF-1α siRNA oligonucleotides prior to harvesting for cell cycle analysis using the propidium iodide staining protocol. (C) HeLa cells were transfected using nontargeted or HIF-1α siRNA prior to harvest of WCL. Samples were analyzed by western blot using the specific antibodies indicated. (D) HeLa cells were transfected as in (B) but mRNA was extracted. HIF-1α, p21, p27 and GLUt3 mRNA were analyzed using quantitative pCR. Graph depicts mRNA levels normalized to actin. Student's t-tests (two tailed) were performed and p-values calculated. *p ≤ 0.05 and **p ≤ 0.01. (e) HeLa cells were transfected with control and HIF-2α siRNA oligonucleotides and mRNA extracted. HIF-1α, HIF-2α, p21, p27 and GLUt3 mRNA were analyzed using quantitative pCR. Graph depicts mRNA levels normalized to actin. Student's t-tests (two tailed) were performed and p-values calculated. *p ≤ 0.05 and **p ≤ 0.01. Data refers to a minimum of three independent experiments. p21 induction and G 1 accumulation also occurs in HIF-1α stable knockdown cells. To rule out the possibility that transient transfection of HIF-1α siRNAs was causing an off-target cell cycle arrest, we created HIF-1α stable knockdown cells using two also significantly (p ≤ 0.01) rescues the accumulation of cells in the G 1 phase of the cell cycle that occurs in response to HIF-1α depletion alone. Therefore, SP1 is indeed involved in the G 1 arrest and p21 induction observed in response to HIF-1α knockdown. (A) U2oS cells were transfected using nontargeted, HIF-1α, Sp1 or both Sp1 and HIF-1α siRNA prior to extraction of mRNA. Subsequently, p21, HIF-1α and Sp1 mRNA were analyzed using quantitative pCR. Graph depicts mRNA levels normalized to actin. Student t-tests (two tailed) were performed and p-values calculated. *p ≤ 0.05 and **p ≤ 0.01. (B) U2oS cells were transfected as in A prior to lysis. WCL were analyzed by western blot using the indicated antibodies. (C) U2oS were transfected with control and HIF-1α siRNA oligonucleotides prior to fixation and lysis. ChIp were performed using Sp1 and control IgG antibodies. p21 promoter regions were amplified using specific primers and levels of Sp1 recruitment were analyzed by qpCR. (D) U2oS cells were treated and processed as in (C), but levels of RNA polymerase II present at the p21 promoter were analyzed. (e) U2oS cells were transfected as in (A) prior to harvesting for cell cycle analysis using the propidium iodide staining protocol. Student's t-tests (two tailed) were performed and p-values calculated. *p ≤ 0.05 and **p ≤ 0.01. Data refers to a minimum of three independent experiments. ©2 0 1 1 L a n d e s B i o s c i e n c e .
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or vinblastine (Fig. 5B) . Interestingly, HIF-1α depletion resulted in lowering of LC3 cleavage in all treatments used ( Fig. 5B and  C) . Taken together these data providing intriguing evidence that HIF-1α depletion inhibits the autophagy response, while slightly enhancing the apoptosis pathway in response to specific chemotherapy treatments.
Discussion
HIF-1α is involved in many aspects of cancer biology and its expression correlates with poor patient outcome in many cancers, as well as, resistance to both chemotherapy and radiation therapy. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Moreover, HIF-1α is expressed in both hypoxic and normoxic regions of solid tumors. 1, [13] [14] [15] However, the role of HIF-1α in normoxia has not been elucidated thus far. In this study, we investigated the effect of HIF-1α knockdown on cell cycle, cell cycle regulators and responsiveness to chemotherapeutic agents in normoxia. Our data reveals that knockdown of HIF-1α not only significantly increases cells arrested in the G 1 phase of the cell cycle (p ≤ 0.01), but also, results in a significant increase in the protein and mRNA expression of both p21 (p ≤ 0.01) and p27 (p ≤ 0.05) (Figs. 1 and 2) . Importantly the accumulation of p21 in response to HIF-1α reduction occurs in transformed ( Figs. 1 and 2 ) and normal (Fig. 4) cell types, as well as, in stable knockdown cells (Fig. 4) . However, p21 is not induced in response to HIF-2α depletion (Fig. 2E) , thus indicating a specific function for HIF-1α. Interestingly, HIF-1α knockdown induces an increase in p21 in both p53 wild type U2OS cells (Fig. 1) and p53 impaired HeLa cells (Fig. 2) .
The cyclin-dependent kinase inhibitor, p21, is a major checkpoint in the cell cycle and can inhibit cyclin-dependent kinases at the G 1 /S boundary by direct interaction and thereby, inhibit cell cycle progression by preventing phosphorylation of the Rb protein due to the resulting blockade of the E2F pathway. 33, [37] [38] [39] This is, to our knowledge, the first time the effects of HIF-1α depletion on the p21 checkpoint have been investigated in normoxia and our data clearly demonstrates that HIF-1α reduction results in a significant increase in p21 message and protein expression, loss of Rb phosphorylation and subsequent G 1 arrest (Figs. 1 and 2) . p21 expression is regulated by p53-dependent and p53-independent pathways. 40 Because our data indicated that the accumulation of p21 and the subsequent G 1 arrest in response to HIF-1α knockdown was, at least in part, independent of p53 ( Fig. 2) , we began to explore p53-independent activation of the p21 promoter. The major p53-independent regulator of p21 is the transcription factor SP1. Indeed, six SP1 binding sites exist on the human p21 gene in the region between -119 bp and the start of transcription. 41 Importantly, these SP1 binding sites not only contribute to the basal expression of p21, 34 but also, have been shown to be responsible for the p21 inductions observed in response to a variety of stimuli and cellular contexts including the tumor suppressor BRCA, PMA, okadaic acid, TGFβ, calcium, butyrate, lovastatin, trichostatin and nerve growth factor to name a few. [41] [42] [43] [44] [45] [46] [47] Importantly, the SP1-mediated activation of the p21 promoter in several of these cellular contexts also occurs during G 1 arrest. 42, 44 This is important to note because SP1 is most active during the different shRNA sequences Sequence 1 (S1) and Sequence 2 (S2). WCL were obtained from stable HIF-1α depleted cells and compared with that of nontargeted control cells. Figure 4A demonstrates the high level of HIF-1α knockdown observed with both sequences following 2 h of DFX treatment, with very little HIF-1α stabilization observed in either of the stable HIF-1α stable knockdown cell lines. Importantly, as shown in Figure 4B , p21 protein is increased in both sets of HIF-1α depleted cell lines as compared to the nontargeted control. Moreover, when samples were harvested and analyzed for cell cycle analysis both sequences had a significant [(S1 p ≤ 0.05) (S2 p ≤ 0.01)] increase in cells in the G 1 phases of the cell cycle with a concomitant reduction in cells in the S phase of the cell cycle (Fig. 4C ). These data demonstrate that stable depletion of HIF-1α, just like transient depletion, causes an increase in p21 protein levels as well as an accumulation of cells in the G 1 phase of the cell cycle.
HIF-1α knockdown in non-transformed MCF10A and human foreskin fibroblast cells results in p21 mRNA induction. In order to evaluate if the effects of HIF-1α knockdown on p21 were restricted to transformed cell lines we used the breast epithelial cell line MCF10A and human foreskin fibroblast (HFF). Knockdown of HIF-1α was confirmed in both cell lines. Importantly, the results in all of the nontransformed cell lines tested, mirror those we had observed in both HeLa and U2OS cells. Both p21 (p ≤ 0.05) and p27 (p ≤ 0.01) mRNA levels were significantly induced with HIF-1α depletion ( Fig. 4D  and E ). These data demonstrate that HIF-1α reduction not only increases p21 and p27 message in transformed cell lines, but also, in non-transformed cell lines.
HIF-1α depletion protects against autophagy in chemotherapy treated U2OS cells. Given that HIF-1α is a viable cancer therapy target, we wanted to determine how HIF-1α knockdown would alter responsiveness to treatment with traditional chemotherapeutic drugs, as combination therapies tend to be more effective. This question became even more pertinent when coupled with our new findings that HIF-1α depletion induces p21 levels. p21 is a well known modulator of both apoptosis and autophagy in response to a variety of stimuli. 8, [33] [34] [35] [36] Therefore, to address this question U2OS cells were transfected using nontargeted or HIF-1α siRNA for 48 h prior to a 24 h treatment with the chemotherapeutic drugs doxorubicin or daunorubicin. Following treatment WCL were harvested and samples were analyzed by western blot using specific antibodies for LC3B and PARP. Our data, demonstrates that when HIF-1α is knockdown LC3B cleavage, a well characterized marker for autophagy, is reduced in response to doxorubicin and daunorubicin (Fig. 5A) . In response to doxorubicin and daunorubicin, PARP cleavage is also slightly enhanced in the HIF-1α knockdown cells as compared to the nontargeted control (Fig. 5A) . To extend and confirm these observations, we analyzed the cell responses to additional chemotherapeutic drugs such as etoposide, taxol and vinblastine in the presence or absence of HIF-1α ( Fig. 5B and C) . We could confirm that when HIF-1α is depleted, doxorubicin mainly induced apoptosis, assessed by PARP-cleavage and activation of caspase-3 (Fig.  5B) . However, we did not detect any increased levels of apoptosis markers in HIF-1α depleted cells when we used etoposide, taxol
©2 0 1 1 L a n d e s B i o s c i e n c e . D o n o t d i s t r i b u t e .
www.landesbioscience.com Cell Cycle 1255
cyclin-dependent kinase inhibitor that results in G 1 arrest, is also induced during HIF-1α knockdown ( Figs. 1 and 2) . Therefore, the effects of p27 and p21 are likely additive with regard to the G 1 arrest observed. Taken together these data indicate that SP1 is a p53-independent regulator of p21 induction in response to HIF-1α depletion, as both p21 message and subsequent G 1 arrest are very significantly reduced (p ≤ 0.01) with double knockdown of SP1 and HIF-1α. We also found that HIF-1α depletion induced an increase in the recruitment of SP1 and RNA polymerase II to the p21 promoter (Fig. 3C and D) . These data further demonstrating G 1 phase of the cell cycle, indicating that G 1 cell cycle arrest may, in itself, contribute to increased SP1 activity. 48 Therefore, it is perhaps not surprising that the concomitant knockdown of SP1 and HIF-1α very significantly (p ≤ 0.01) abrogates p21 induction and partially, but significantly (p ≤ 0.01), rescued the G 1 accumulation induced by HIF-1α depletion (Fig. 3) . We did note that while the reduction in p21 levels with simultaneous HIF-1α and SP1 knockdown was nearly complete ( Fig. 3A and B) , as compared to HIF-1α depletion alone; the G 1 arrest, while very significantly (p ≤ 0.01), was not completely rescued (Fig. 3E) . This result is logical as p27, another Figure 4 . p21 induction and G 1 accumulation also occurs in HIF-1α stable knockdowns and non-transformed cells. (A) two sequences (1 and 2) of shR-NA were used to generate U2oS-HIF-1α stable knockdown cells as reported previously in reference 61. Confirmation of HIF-1α knockdown in HIF-1α stable cells was performed using western blot analysis. WCL were harvested following 2 h of DFX treatment from non-targeted and HIF-1α stable cell lines. (B) WCLs from U2oS-HIF-1α stable knockdown cell lines were analyzed by western blot using the specific antibodies indicated. (C) U2oS-HIF-1α stable knockdown were harvested for cell cycle analysis using propidium iodide staining protocol. Student's t-tests (two tailed) were performed and p-values calculated. *p ≤ 0.05 and **p ≤ 0.01. (D) MCF10A cells and (e) HFF cells were transfected with non-targeted or HIF-1α siRNA oligonucleotides prior to mRNA extraction. HIF-1α, p21, p27, Sp1 and GLUt3 mRNA were analyzed using quantitative pCR. Graphs depict mRNA levels normalized to actin. Student's t-tests (two tailed) were performed and p-values calculated. *p ≤ 0.05 and **p ≤ 0.01. Data refers to a minimum of three independent experiments.
shown that in addition to its well known function as a cyclin kinase inhibitor, p21 also modulates the cell death pathways of both autophagy and apoptosis. While both positive and negative regulation of apoptosis have been reported, depending on cell type and context, to our knowledge only negative regulation by p21 of autophagy has been demonstrated. 35, 36 Importantly, a 2008 study by Fujiwara and colleagues clearly demonstrates that in response to ceramide and γ-Irradiation, which in turn generates ceramide, autophagy is reduced and apoptosis enhanced but only in p21 expressing cells. 35 The knockdown of p21 reverses this effect and shunts cell death in the importance of SP1 in the control of p21 expression when HIF-1α is reduced.
Because HIF-1α is an important target for cancer therapeutics and because combination therapies are of particular interest in cancer treatments we wanted to assess the effect HIF-1α knockdown would have on the cellular responsiveness to chemotherapeutic drugs. Our data demonstrate, for the first time, that HIF-1α knockdown in normoxia has functional consequences to the cell in response to chemotherapeutic treatment. During HIF-1α depletion the autophagy response is reduced while apoptosis is slightly enhanced (Fig. 5) . Accumulating evidence has Figure 5 . HIF-1α knockdown protects against genotoxic drug induced autophagy, while increasing apoptosis-mediated cell death. (A) U2oS cells were transfected using non-targeted or HIF-1α siRNA prior to 24 h treatment with the genotoxic drugs doxorubicin or daunorubicin as described in the materials and methods. Following treatment WCL were harvested and samples were analyzed by western blot using the specific antibodies indicated. (B) U2oS cells were transfected using non-targeted or HIF-1α siRNA prior to 24 h treatment with the chemotherapeutic drugs doxorubicin, etoposide, taxol and vinblastine as described in the materials and methods. Following treatment WCL were harvested and samples were analyzed by western blot using the specific antibodies indicated. (C) U2oS-GFp-LC3B cells grown on coverslips were transfected using non-targeted or HIF-1α siRNA prior to 24 h treatment with the chemotherapeutic drugs doxorubicin, etoposide, taxol and vinblastine as described in the materials and methods. Cells were fixed, stained with DApI and analyzed by microscopy for GFp-LC3B foci.
from the European Collection of Cell Cultures (ECACC). U2OS cells containing stably transfected HIF-1α or nontargeting shRNAs were created using the pSilencer vectors as described previously in reference 58. Human Normal Breast Epithelial cells MCF10A were maintained at 5% CO 2 in DMEM/Hans nutrient mixture F12 with 5% FBS (Invitrogen), 1% penicillin-streptomycin (Lonza) and 1% L-glutamine (Lonza), supplemented with 10 μg/ml insulin (Sigma), 20 ng/ml EGF (Sigma) and 5 μg/ ml hydrocortisone (Sigma). MCF10A cells were a kind gift from Dr. A. Schulze (CRUK, London). U2OS-GFP-LC3B cells were maintained in maintained at 5% CO 2 in Dulbecco's modified Eagle's medium (Lonza) supplemented with 10% fetal bovine serum (Invitrogen), 1% penicillin-streptomycin (Lonza) and 1% L-glutamine (Lonza) with addition 200 μg/mL G418.
Cell cycle analysis by flow cytometry. Cells were prepared for flow cytometry analysis as described in reference 58. Cells with DNA content between 2N and 4N were designated as being in the G 1 , S or G 2 /M phase of the cell cycle. The number of cells in each phase of the cell cycle was expressed as a percentage of the total number of cells present after gating to eliminate doublets and determined using CellQuest software. Western blot. Western blots were performed essentially as described previously in reference 59. Assays analyzed whole cell lysates and used 20-30 μg of protein. Whole cell protein extracts were performed as previously described in reference 59.
Hypoxia mimetic treatments. For hypoxia mimetic conditions, cells were treated with 100 μM of Desferoxamine (Sigma) for 2 h immediately following 48 h siRNA treatments and harvested for western blot analysis as previously described.
siRNA. siRNA duplex oligonucleotides were synthesized by MWG and transfected using Interferin (Polyplus) as per manufacturer's instruction. In brief, cells were plated the day before transfection at the concentration of 1.5 x 10 5 cells per well in 6-well plates. The following day, cells were transfected with the final concentration of 5 nM of siRNA oligonucleotides in fresh media, final volume of 2.2 mL. Cells were incubated for additional 48 h prior to harvesting.
Quantitative RT-PCR analysis. Total RNA was extracted with the Peqgold RNA extraction kit (Peqlab), according to the manufacturer's directions. RNA was converted to cDNA using the Quantitect Reverse Transcription Kit (Qiagen). cDNA was amplified using specific primer sets and the Stratagene Brilliant II SYBR green qPCR mix according to the manufacturer instructions. Amplification and detection were performed using a Stratagene Mx3005P detection system. Sample values obtained response to ceramide towards autophagy and away from apoptosis. Moreover, that study demonstrated that overexpression of p21 alone increased apoptosis and decreased autophagy. 35, 49 The published data demonstrates that p21 is responsible for shunting cellular fate towards apoptosis and away from autophagy. 35 These findings are especially applicable to our data as not only do we observe a significant increase in p21 in response to HIF-1α knockdown, but also, doxorubicin and daunorubicin result in the generation of ceramide. [50] [51] [52] Interestingly, we did not observe any increased in apoptosis markers in HIF-1α depleted cells treated with etoposide, taxol and vinblastine (Fig. 5B and C) . Taxol and Vinblastine are microtubule-targeting agents that have been shown to induce p21 and alter the effects of chemotherapeutic drugs. 53 In addition, microtubule-disrupting drugs also lead to inhibition of HIF-1α levels via translation repression. 54 As such, our results are in agreement with the published work, demonstrating that further increases in p21 provided by HIF-1α depletion, do not result in increases in apoptosis markers. Our data demonstrate, that HIF-1α knockdown has functional consequences to the cell in response to specific chemotherapeutic agents and may have important implications to cancer treatment and therapies.
Initial studies suggested that the additive cell death effect of autophagy and apoptosis was beneficial to treatments, however, the preponderance of the evidence now indicates that autophagy is in fact an adaptive mechanism of the tumor cell. Autophagy contributes to cell survival by facilitating resistance to chemotherapeutic and radiation treatments. Indeed, many clinical trials are currently underway to develop inhibitors of autophagy that can be used in conjunction with traditional chemotherapeutics and radiation therapies to prevent the generation of these resistant cells. [55] [56] [57] Taken together our data demonstrates for the first time that reduction of HIF-1α in normoxic conditions results in the induction of p21 and p27 and G 1 cell cycle arrest. This is a HIF-1α specific response, as depletion of HIF-2α had no significant effect on p21 or p27 message levels. Mechanistically, this is dependent on the SP1 transcription factor. Importantly, we have demonstrated that HIF-1α knockdown alters cellular responsiveness to chemotherapeutic agents resulting in a decreased autophagy response and a slightly enhanced apoptosis response. These data offer valuable insight into the potential effectiveness of HIF-1α based therapies in conjunction with traditional treatments, while demonstrating the importance of further understanding of the role of HIF-1α in normoxia.
Materials and Methods

Cells. Human Osteosarcoma cells, U2OS and Human Cervical
Epithelial cells, HeLa, were maintained at 5% CO 2 in Dulbecco's modified Eagle's medium (Lonza) supplemented with 10% fetal bovine serum (Invitrogen), 1% penicillin-streptomycin (Lonza) and 1% L-glutamine (Lonza). Human Foreskin Fibroblasts (HFF) were maintained at 5% CO 2 in Dulbecco's modified Eagle's medium (Lonza) supplemented with 15% fetal bovine serum (Invitrogen), 1% penicillin-streptomycin (Lonza) and 1% L-glutamine (Lonza). U2OS, HFF and HeLa cells were obtained ©2 0 1 1 L a n d e s B i o s c i e n c e .
D o n o t d i s t r i b u t e .
at 12,000 rpm in an eppendorf microfuge for 10 m at 4°C before being diluted 10-fold in dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl, pH 8.1). Samples were then pre-cleared for 2 hours (h) at 4°C with 2 μg of sheared salmon sperm DNA and 20 μl of protein A-Sepharose (50% slurry). At this stage, 10% of the material was kept and stored at -20°C as Input material. Immunoprecipitations were performed overnight with specific antibodies (2 μg), with the addition of BRIJ-35 detergent to a final concentration of 0.1%. The immune complexes were captured by incubation with 30 μl of protein A-Sepharose (50% slurry) and 2 μg salmon sperm DNA for 1 h at 4°C. The immunoprecipitates were washed sequentially for 5 m each at 4°C in Wash Buffer 1 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCL, pH 8.1, 150 mM NaCl), Wash Buffer 2 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 500 mM NaCl) and Wash Buffer 3 (0.25 M LiCl, 1% Nonidet P-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1). Beads were washed twice with Tris-EDTA (TE) buffer and eluted with 100 μl of elution buffer (1% SDS, 0.1 M NaHCO 3 ). Elutes were purified using a PCR purification kit (NBS). Chemotherapeutic drug treatments. For chemotherapeutic drug treatments all chemicals were obtained from Sigma and prepared according to the manufacturer's directions. Cells were treated with a final concentration per well of 2 μm Doxorubicin (Enzo Life Sci.), 2 μM Daunorubicin (Enzo Life Sci.), 25 μM Etoposide (Enzo Life Sci.), 50 ng/mL Taxol (Enzo Life Sci.), 25 ng/mL (Enzo Life Sci.), for 24 h immediately following the 48 h siRNA protocol and harvested for western blot analysis as previously described.
Fluorescence microscopy. For immunofluorescence, cells were grown on coverslips and treated as indicated prior to fixation by incubation in 3.7% formaldehyde/PBS (pH 6.8) for 15 minutes. Cells were permeabilized in PBS-0.1% Triton X-100 for 15 minutes and then blocked in PBS-0.05% Tween-20 supplemented with 1% normal donkey serum for 30 minutes. Cells were analyzed and images were acquired using a DeltaVision microscope. Images were deconvolved and analyzed using OMERO client software (Open Microscopy Environment).
Statistical analysis. Student's t-tests were performed using the means and p values were calculated. *p ≤ 0.050; **p ≤ 0.01 using Graphpad PRISM software.
